Schizophrenia is a highly polygenic brain disorder. The main hypothesis for disease etiology in schizophrenia primarily focuses on the role of dysfunctional synaptic transmission. Previous studies have therefore directed their investigations toward the role of neuronal dysfunction. However, recent studies have shown that apart from neurons, glial cells also play a major role in synaptic transmission. Therefore, we investigated the potential causal involvement of the three principle glial cell lineages in risk to schizophrenia. We performed a functional gene set analysis to test for the combined effects of genetic variants in glial type-specific genes for association with schizophrenia. We used genome-wide association data from the largest schizophrenia sample to date, including 13 689 cases and 18 226 healthy controls. Our results show that astrocyte and oligodendrocyte gene sets, but not microglia gene sets, are associated with an increased risk for schizophrenia. The astrocyte and oligodendrocyte findings are related to astrocyte signaling at the synapse, myelin membrane integrity, glial development, and epigenetic control. Together, these results show that genetic alterations underlying specific glial cell type functions increase susceptibility to schizophrenia and provide evidence that the neuronal hypothesis of schizophrenia should be extended to include the role of glia.
Introduction
Schizophrenia is a debilitating brain disease affecting up to 1% of the population [1] . It is characterized by delusions, hallucinations, disordered speech, and deficits in emotional and social behavior [2] . It is highly familial with heritability estimated at 81% [3] , and thought to be influenced by thousands of common alleles of small effects [4] [5] [6] . Most efforts in understanding the cellular basis of schizophrenia have focused on the role of neurons. This has led to findings of alterations in neuronal transmission and synapse cytoarchitecture as well as reports of putative neuronal susceptibility genes [7] [8] [9] [10] [11] .
Nevertheless, recent insights have implicated glial cells in several brain functions that are highly relevant to neurological disorders [12] [13] [14] [15] . Accordingly, for each of the three principal glial cell types, altered gene expression has been found in brains of schizophrenia patients [16, 17] . Furthermore, oligodendrocytes have been implicated by diffusion tensor imaging studies showing disruption of white matter tracts in schizophrenia [18, 19] , and both astrocytes and microglia are associated to neuroinflammatory processes in several brain regions of schizophrenia patients [17, 20] .
However, it still remains to be investigated whether glial perturbations in schizophrenia represent primary glial-genetic deficits and not merely secondary responses to disturbances in neuronal functioning.
Genetic association studies based on single nucleotide polymorphisms (SNPs) can be used to gain more insight into primary genetic processes that are potentially disease causing. Typically, genome-wide association studies (GWAS) have been used for this, but require large samples in order to identify the typically small genetic effects underlying complex diseases as schizophrenia [5, [21] [22] [23] [24] . Moreover, single SNP associations will not necessarily lead to insights in underlying molecular or cellular mechanisms [25, 26] .
Alternatively, pathway analysis or functional gene set analysis involves testing for the combined effect of multiple SNPs in functionally related genes that individually have small effect sizes that do not reach significance. This approach thus takes into account genetic contributions that may only be observed if the appropriate combination of genes is tested [25] [26] [27] [28] [29] .
Here, we used gene set analysis to obtain genetic evidence for primary roles of specific glial cell type functions and pathways in schizophrenia. Lists of nonoverlapping genes for astrocytes, oligodendrocytes, and microglia, obtained by means of a detailed literature study, were subdivided into glial functional gene sets based on Gene Ontology (GO) annotations and expert glial knowledge. Using the largest schizophrenia GWAS sample to date, including 13 689 schizophrenia cases and 18 226 controls, we found a significant association with schizophrenia for highly specific gene sets of astrocytes and oligodendrocytes, and no association with any of the microglia gene sets.
Subjects and Methods

Generation of glial cell type-specific gene lists and functional gene sets
A flowchart of the steps taken for generating the glial gene lists and subsequent functional gene sets is shown in figure 1. More detailed information is provided in the supplementary methods. Briefly, we conducted an in-depth literature study to select glial genes based on microarray gene expression patterns [30] [31] [32] [33] [34] [35] [36] [37] [38] , and gene symbols and names were converted into human Entrez Gene IDs to assemble astrocyte, oligodendrocyte, and microglia gene lists.
Next, to strengthen the association of genes in these lists with specific astrocyte, oligodendrocyte, or microglia functioning, genes were removed if found in more than one of these cell types or if present in a curated exclusion list of general neuronal genes (supplementary figure 1; see the supplementary methods for more information and exceptions). An enrichment analysis using GO biological processes was performed on the final, filtered astrocyte, oligodendrocyte, microglia, and neuronal lists to see if processes associated with specific cell type functions were uniquely enriched within each list. For each step, gene lists and gene IDs can be obtained from the corresponding authors.
Figure 1. Schematic overview showing steps (A-D) in the development of glial functional gene set lists.
A) The combination of original gene lists from used literature sources resulted in three human glial gene lists. B) A neuronal list was used for filtering. The numbers of genes presented in the figure for each glial list represent the genes that were left after filtering for neuronal genes. C) Genes that overlapped between the glial cell types were also removed. The numbers of genes presented in the figure for each glial list represent the genes that were left after both filtering steps. D) The functional gene sets derived from the glial gene lists based on Gene Ontology (GO) are given in table 1. Additional information can be found in the supplementary methods. For each step, gene lists and gene IDs can be obtained from the corresponding authors.
For each glial cell type (oligodendrocytes, astrocytes, and microglia), functional gene sets were created based on GO biological process annotations. Importantly, gene sets were built according to the hierarchical structure of GO (i.e., higher level parental nodes were subdivided into more specific child nodes), resulting in an organization of related gene sets over a maximum of three levels and substantial overlap of genes between gene sets (table 1; for detailed information, criteria, and used software [39] [40] [41] [42] [43] , see supplementary methods).
Subjects
We used individual GWAS data from the Psychiatric Genomics Consortium (PGC1) schizophrenia working group [5] combined with an independent GWAS sample from Sweden [6] . Details on sample collection for PGC1 and Swedish data sets have been described previously [5, 6] and can be found in supplementary methods.
In total, 19 samples were available from 16 different sites. The combined sample totaled 13 833 cases and 18 310 controls and between 250 000 and 700 000 genotyped SNPs per data set (supplementary table 1 ).
Quality control
Site-specific quality control (QC) has been explained previously in detail [5, 6] . Overall, technical QC was performed on genotypes generated by various GWAS platforms, which was conducted separately at each collection site using a common approach. Both the PGC1 and Swedish samples were quality controlled following the PGC1 QC pipeline. 15 , and (f) Hardy-Weinberg equilibrium (controls) P < 10 −6 . The number of SNPs per study after QC varied between 250 000 and 680 000. Samples were genotyped on four different platforms. After basic QC, 77 986 autosomal SNPs directly genotyped on all included GWAS platforms were extracted and pruned to remove SNPs in linkage disequilibrium (r2> .05) or with minor allele frequency <.05, leaving 39 239 SNPs suitable for robust relatedness testing and population structure analysis. All SNPs that survived quality control were mapped to genes on the basis of National Center for Biotechnology Information human assembly build 37.3 and dbSNP release 135 [25] (see the supplementary methods for additional information).
Relatedness testing was done with PLINK44 (http://pngu.mgh.harvard.edu/purcell/ plink/). Pairs with genome identity (π ) > 0. 9 were reported as "identical samples" and with π >.2 as being closely related. After random shuffling, one individual from each pair was excluded from downstream analysis. From groups with multiple related pairs (eg, a family), only 1 individual was kept. To control for spurious association by population stratification, principal component analysis was performed for each sample separately, and the first 10 principal components were included as covariates in subsequent gene set analysis. An additional 144 cases and 84 controls were removed as population outliers, bringing the total sample size for the analysis to 31 915 (13 689 cases and 18 226 controls; supplementary table 1).
Gene set analysis
Gene set analysis was done using Joint Association of Genetic Variants (http://ctglab.nl/software) [25] . Self-contained tests were performed for each gene set using the sum over −log10 of SNP P-values in that gene set as test statistic. Empirical Pvalues (P SC ) were obtained by permutation of the phenotype. These were computed separately for each data set and then combined using Stouffer's Z-score method.
Bonferroni corrections were used to account for multiple testing (at α = 0.05) within each of the three glial groups. Functional gene sets were based on GO "biological processes" classification. For each glial cell type, gene sets, level indications, and numbers of genes are listed. Level 1 sets are composed of the complete astrocyte, oligodendrocyte, and microglia sets (thus all genes in the glial cell type lists). Level 3 and 4 sets represent children nodes of level 2 and 3 sets, respectively, and were all tested. The sets in bold/italic were not tested but represent the labels for the overarching processes and depict the range of the analyses. The sets in mere bold are the "miscellaneous" sets, and these were also included in the analyses. Number of genes represent the genes for which genotyped SNPs were included in the analyses. Genes could be annotated into multiple gene sets, and not all genes were annotated into level 2 or 3 sets; hence, numbers of genes of lower level sets do not exactly add up to those of higher level sets.
Significantly associated gene sets are italicized and underlined, with Bonferroni-corrected P SC values indicated in brackets. All results can be found in supplementary table 2. Abbreviations: GPCR, G proteincoupled receptor; MAPKKK, Mitogen-activated protein kinase kinase kinase; P, empirical P-values; GO, Gene Ontology; SNPS, single nucleotide polymorphisms.
For gene sets that were significant on the self-contained test, an additional competitive test was performed. For each of these gene sets, 750 random gene sets containing the same number of genes were generated and tested using the self-contained test. The competitive P-value (P COMP ) was then computed as the proportion of those 750 random gene sets with a self-contained P-value lower than that of the original gene set. If none of the random gene sets achieved a self-contained P-value lower than that of the original gene set, the competitive P-value was set to 0.5/750 = 0.00067.
Sensitivity analysis
For the gene sets that were statistically significant based on P SC and P COMP , we examined the individual contribution of each gene in that gene set. This was computed as the change in P SC for that gene set when all SNPs in that gene were excluded, providing a measure of both the relative and absolute impact.
Results
Glial gene lists are representative of glial cell type functioning
In order to increase specific associations of genes in our lists with specific cell types, we applied two filtering steps where overlap between the different glial cell types, as well as with a general neuronal gene list, was removed. This resulted in enriched and nonoverlapping gene lists for astrocytes (1998), oligodendrocytes (1650), and microglia (289). The inclusion of multiple glial cell type-specific markers validated the glial gene groups, eg, GFAP, APOE, SLC1A2, SLC1A3 (astrocytes), MBP, PLP1, MAG, CNP (oligodendrocytes) and CD74, CX3CR1, and multiple HLAs and FC receptors (microglia).
Furthermore, an enrichment analysis for GO biological processes was performed, which showed for each glial cell type, a unique overrepresentation of known biological functions for that cell type (figure 2). Overrepresentation analysis thus confirmed that the final, filtered lists are indeed good representatives of glial cell type-specific functioning.
Risk of schizophrenia is influenced by astrocyte and oligodendrocyte genes
We then conducted gene set analysis using the first level of astrocyte, oligodendrocyte, and microglia gene sets, and found highly significant associations for the total groups of astrocyte (P SC = 5.17x10-19) and oligodendrocyte (P SC = 3.43x10-12) genes to the risk of schizophrenia, but no significant association for the microglia genes (P SC = 0.09). Next, we used competitive testing to determine whether the complete sets of astrocyte and oligodendrocyte genes were also more significantly associated with schizophrenia than randomly created gene sets matched for the same number of genes. This was indeed the case for the complete list of astrocyte genes (P COMP = 0.00067), whereas the complete set of oligodendrocyte genes showed a nominally suggestive stronger association than the matched controls (P COMP = 0.073).
Figure 2. Gene ontology-overrepresentation analysis for biological processes of the glial gene lists.
This analysis shows that for each gene list, unique overrepresentation of biological processes known to be associated with the specific roles of these cells in brain functioning is present, with no overlap in enriched processes between the cell types. A) The astrocyte gene list shows overrepresentation of many metabolic functions in accordance with important roles of these cells in brain metabolic support and homeostasis. B) The oligodendrocyte gene list shows overrepresentation of functions associated with myelin membrane biogenesis and oligodendrocyte development. C) The microglia gene list shows mainly processes associated with immune system signaling. D) In the neuronal gene list, processes associated with synapse functioning and neurotransmitter signaling are present, indicating this list is a valid source for filtering of neuronal genes from the glial lists.
Risk of schizophrenia is influenced by specific subgroups of glial functioning
To gain insight into the roles of specific glial functions, the genes in the glial lists were functionally annotated resulting in 31 astrocyte, 29 oligodendrocyte, and 19 microglia gene sets ( figure 1 and table 1 ). We identified that six of the astrocyte gene sets (signal transduction, tyrosine kinase signaling, G protein-coupled receptor [GPCR] signaling, small GTPase-mediated signaling, cell adhesion, and gene transcription), and three of the oligodendrocyte gene sets (lipid metabolism, oxidation-reduction, and gene transcription) were significantly associated with schizophrenia (P SC < 0.05), and more significantly so than randomly created gene sets matched for the same number of genes (P COMP ; table 1; supplementary table 2; supplementary figure 2) . No significant associations were found for microglia gene sets (supplementary table 2). We confirmed that these results for the significantly associating glial gene sets were consistent across the different schizophrenia samples in our data set (supplementary table 3 ).
Significant associations of the glial gene sets are due to the effects of multiple genes
To determine whether gene set associations were driven by a few genes or relied on the combined effect of multiple genes, we conducted a gene-based analysis. This showed that the associations of the gene sets did not rely on the effect of only a few genes but were due to the accumulated effect of multiple genes with small effect (supplementary table 4 ). These results indicate that the specific combinations of genes were mandate for the observed glial gene set associations.
Post Hoc analyses indicate cell type-bound mechanisms
Our glial sets were created to ensure non-overlap between the three different glial cell types (astrocytes, oligodendrocytes, microglia) and a general list of neuronal genes. This assured that our gene sets were cell type specific. To determine whether our results would change if we would include genes that are active across multiple cell types (i.e., genes that are active in both astrocytes and oligodendrocytes), we reanalyzed the statistically significant gene sets with all overlapping genes included. We found that the astrocyte gene set signal transduction, GPCR signaling, tyrosine kinase signaling, cell adhesion, and gene transcription, as well as the oligodendrocyte gene set lipid metabolism, still significantly associated with schizophrenia, whereas the astrocyte gene set small GTPase-mediated signaling and the oligodendrocyte gene sets gene transcription and oxidation-reduction were no longer significantly associated with schizophrenia (supplementary table 5 ).
For the six sets that remained significantly associated with overlapping genes included, gene sets were also generated using all genes from all four central nervous system (CNS) cell types, thus taking cell type-bound mechanisms not into account at all. The gene sets cell adhesion and lipid metabolism lost significance (table 2) . Moreover, while tyrosine kinase signaling, GPCR signaling and gene transcription did remain significant when cell type boundaries were not taken into account, they lost significance when astrocyte genes were removed (table 2). This indicates that the associations of these groups were mainly driven by the astrocytic component. One exception was formed by the signal transduction set, which also remained significantly associated without astrocyte genes.
Together, these results show that the significant associations of glial gene sets with schizophrenia are strongly dependent on genes that are specific to one cell type, with the exception of the signal transduction gene set. Results are shown for each cell type in order of strength of association. "Relative impact" indicates change in log 10 P SC value when astrocyte genes are removed from the gene set. Functional gene sets significantly associated according to Bonferroni-corrected P SC values are shown cursive. For these sets, P COMP is also shown. Those more significantly associated with schizophrenia than matched controls according to P COMP are shown furthermore bold. Signal transduction remained significant after removal of astrocytic expressed genes. *For gene transcription, oligodendrocyte genes were not included anymore. Abbreviations: CNS, central nervous system; P COMP , competitive P-value; GPCR, G protein-coupled receptor.
Discussion
Converging evidence indicates direct roles for each of the three known glial cell types in modulation of neuronal functioning and synaptic transmission. Astrocytes are actively involved in bidirectional signaling with neurons at the "tripartite synapse" [12, 14] .
Myelination is shown to be plastic by experience and electrical activity [12, 13] , and microglia might be involved in activity-induced pruning of newly formed synapses during development and learning [12, 15] . Thus, it might be hypothesized that part of the genetic defects in schizophrenia are mediated by glial cell dysfunction. Schizophrenia is known to be highly polygenic and likely influenced by thousands of alleles each of small effect. Each single allele is not sufficient to cause the disease, but it is the accumulation of multiple risk alleles in a biological system that is important for schizophrenia and that influences the risk to disease. Here, we investigated accumulation of risk alleles in specific cell types and cell functions. We applied a functional gene set analysis to investigate whether glial genes contribute to the occurrence of schizophrenia, and if so, which specific glial functions may be implicated. Using a sample of 13 689 cases and 18
226 controls, we showed that six astrocyte gene sets and three oligodendrocyte gene sets were strongly associated with schizophrenia. The significant associations were mainly driven by genes that were specific to one cell type, thus supporting different roles for these cell types in schizophrenia pathology.
Distinct astrocyte gene sets as risk factor in schizophrenia
The astrocyte gene transcription gene set consists mainly of transcription factors and genes involved in epigenetic control mechanisms. Nearly half of these have previously been implicated in developmental processes, including PAX6, which is an important factor in glial differentiation [45] . Interestingly, PAX6 was found to influence prepulse inhibition, an endophenotype in animal models for schizophrenia [46] . A relatively large contribution of epigenetic control genes in the astrocyte gene transcription gene set, f.e. SETDB1 and SMARCD2 [30, 32] , is in line with the proposed role of epigenetic mechanisms in schizophrenia [47] . In particular, modifications in histone and DNA methylation patterns have been described as "scars" of early experience [47] .
The signal transduction gene set seems particularly interesting because of the bidirectional signaling between neurons and astrocytes at the tripartite synapse [12, 14] .
Notably, three specific subsets of signal transduction, i.e., GPCR signaling, tyrosine kinase signaling, and small GTPase-mediated signaling were also significantly associated.
Astrocytic GPCRs can sense neurotransmitter release during synaptic activity and stimulate release of gliotransmitters that can modulate neuronal signaling [48] . The astrocyte GPCR signaling gene set contains GMR3 and GABBR1, which are metabotropic receptors for the respective neurotransmitters glutamate and gamma amino butyric acid (GABA) GRM3 has previously been linked to schizophrenia. Interestingly, subjects with a high-risk GRM3 haplotype also had lower prefrontal cortical expression of the astrocytic glutamate transporter EEAT2 and showed impaired cognitive performances [49] . GRM3
and EAAT2, as well as GABBR1, are predominantly found at, or close to, synapses [50] ,
suggesting an involvement of astrocytes at tripartite synapses in the occurrence of schizophrenia. Moreover, most of the other genes in this group, as EDNRB and NMB, have been implicated in various aspects of tripartite neuron-astrocyte signaling as well [14, 17, [51] [52] [53] (supplementary figure 3 ). However, it should be noted that these astrocytic GPCR signaling genes might also function at other locations than the tripartite synapse, where they may contribute to the observed changes in schizophrenia. The tyrosine kinase signaling subset of signal transduction consists mainly of receptor tyrosine kinases (RTKs) and their ligands. Recently, converging evidence showed involvement of many of these receptors in aspects of tripartite synapse processing and modulation [54, 55] (supplementary figure 3) . For instance, the EphB3receptor, for which activation by neuronal Ephrin has been well investigated and implicated in release of gliotransmitters and modulation of synaptic strength [55] . Finally, the signal transduction subset small GTPase-mediated signaling has generally been linked to trafficking of cargo, e.g., receptors, from and to the membrane [56] , modulation of exocytotic release [59] . Taken together, we propose that genetic alterations in the tyrosine kinase signaling and small GTPase-mediated signaling sets could, like for GPCRs, have profound influences on astrocyte modulation of synapse function in schizophrenia (figure 3b).
Cell adhesion molecules (CAM) are transmembrane proteins that are involved in cell cell or cell-matrix interactions. Interestingly, glial CAMs are well known players in promotion and/or inhibition of axon outgrowth and synapse formation [60, 61] . Interestingly, our cell adhesion gene set includes different cadherins (CDH4, NCAD) and protocadherins (PCDH10, PCDH20), which enable astrocytes to guide synapse function and morphology [12] , thus further indicative of an important astrocyte-neuron interaction element in our findings. Importantly, association of CAMs with schizophrenia was also found in our previous functional gene group analysis of manually curated synaptic gene sets [6, 25] , and a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis in which genes were not restricted to specific CNS cell types [62] . These findings support involvement of both neuronal and glial CAMs in schizophrenia and may involve altered contact of astrocytic perisynaptic processes with synaptic terminals.
Taken together, our findings identify astrocytes as important contributors to schizophrenia within the context of a neurodevelopmental disease [47] (figure 3a), and our astrocyte findings seem in line with the novel implication of neuron-astrocyte tripartite communication in schizophrenia pathology (figure 3b).
Oligodendrocyte gene sets as risk factor in schizophrenia
Our findings of oligodendendrocyte lipid metabolism, oxidation-reduction, and gene transcription sets associating with schizophrenia are in line with accumulating evidence implicating oligodendrocytes in the disease [16, 18] . Recent studies suggest that oligodendrocyte and myelin dysfunction leads to changes in synapse formation, function, and connectivity between related but anatomically different brain regions, which might lead to cognitive and/or behavioral dysfunction in schizophrenia [18, 19] . Our data support these findings and indicate that alterations in specific oligodendrocyte functions might be causally involved in schizophrenia and associated white matter pathology. figure) . Indeed, these gene sets included molecules well known to localize and function at the synapse, including GMR3 and GABBR1 (respectively glutamate and gamma amino butyric acid, or GABA, receptors) and the EphB3 RTK. Alterations in cell adhesion molecules, including the cadherins CDH4 and NCAD, or protocadherins PCDH10 and PCDH20, might interfere with structural association of synapses and/or glia-induced plasticity. C) Genetic alterations in oligodendrocyte lipid metabolism may have downstream effects on myelin sheath composition and integrity. Changes in oligodendrocyte oxidation-reduction might interfere with lipid metabolic processes and/or lead to generation of free radicals as reactive oxygen species (ROS) and subsequent myelin sheath damage via lipid peroxidation. See main text for further explanation.
Most of the genes in the lipid metabolism gene set seem to be involved in metabolism of structural membrane lipids of the myelin sheath [63, 64] . In addition, oligodendrocyte lipids are known to play important roles in sorting, trafficking, and anchoring of myelin proteins to the myelin sheath [65] . Interestingly, decreases in brain lipid levels and metabolism have been previously reported in schizophrenia patients [66] . Moreover, several antipsychotics have been shown to upregulate the expression of genes involved in cellular fatty acid and cholesterol biosynthesis, and that are under the control of SREBP transcription factors [66, 67] . At least in the peripheral nervous system, SREBPs are regulators of myelin membrane synthesis [63] , and they have been linked to schizophrenia before [67] . Oligodendrocyte lipid metabolism dysfunction may thus play a role in myelin integrity and the control of intracellular transport and deposition of myelin proteins and myelin membrane lipids in schizophrenia ( figure 3c) , an insight, which might be an incentive to design and improve lipid-based interventions.
Most genes in the oxidation-reduction gene set are also involved in lipid metabolism, thereby further supporting the involvement of genes of the lipid metabolism group in schizophrenia. Genes in this group also function in oxidative stress, which has been implicated in development of schizophrenia [68] , albeit here specifically linked to oligodendrocytes for the first time (figure 3c).
The gene transcription gene set for oligodendrocytes, consists, like the above discussed astrocyte gene transcription gene set, mainly of transcription factors, as SOX10, and of molecules involved in epigenetic control. Because oligodendrocyte-specific transcription factors regulate the differentiation of oligodendrocytes and myelin membrane synthesis, genes encoding these transcription factors have been regarded as prime candidates for oligodendrocyte mediated dysfunction in schizophrenia. Interestingly, the DNA methylation status of the transcription factor SOX10 has been shown to correlate with oligodendrocyte dysfunction in schizophrenia [69] , suggesting that interactions between transcription factors and epigenetic mechanisms that affect oligodendrocyte development and myelinogenesis may further increase vulnerability to the disease ( figure 3a) .
Surprisingly, the myelin gene set, which includes the structural myelin proteins MAG and CNP that have been suggested to play a role in schizophrenia pathology before [70] , did not reach criteria for statistical association. Our findings thus indicate that literature reported myelin defects in schizophrenia might not be directly caused by genetic defects in structural myelin proteins themselves, but rather that these might be a consequence of genetic defects in other key oligodendrocyte functions, such as lipid metabolism or gene transcription.
No risk found for microglia gene sets in schizophrenia
Unexpectedly, we found no association of microglia gene sets with schizophrenia, whereas other studies have shown microglia activation in the CNS of schizophrenia patients [17, 20] . Our gene set consisted of microglia genes that are most specifically regulated during the activation of microglia. This indicates that previously reported microglial changes and neuroinflammatory symptoms in schizophrenia patients involving these genes might represent secondary effects. We would like to note that the contribution of genes in our microglia list associated with other cellular states (i.e. the quiescent phenotype).is only minimal. Therefore, this study might not fully appreciate the complete range of possible microglia functions in schizophrenia.
Concluding Remarks
Previous studies on schizophrenia have primarily focused on neuronal dysfunction. To our knowledge, this is the first genomic study to implicate functional gene sets that are highly associated with specific glial cell types. We found significant, replicated associations of cell type-specific astrocyte and oligodendrocyte gene sets with schizophrenia, though not for microglia gene sets. Our results indicate that glial cells are key candidates contributing to the primary development of pathological processes in schizophrenia. This might have important implications for understanding and treatment of this disease. 
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Supplementary Methods
Selection of glial genes based on microarray gene expression patterns
The publications from which genes were derived for glial gene list assembly included: (i) a microarray study that compared different mouse CNS cell-types and investigated significant enrichment of genes in each of these cell-types (30) (ii) two microarray studies of whole human brain material that identified so called cell-type associated modules, based on intercorrelations with cell-type specific markers (31, 32) , (iii) microarray studies of upregulated genes in human and mouse microglia after stimulation of these cells with pro-inflammatory stimuli (33) (34) (35) (36) (37) and (iv) a group of oligodendrocyte transcription factors, derived from a promoter-based analysis of coordinately expressed genes in myelinating mouse tissue (38) .
Numerical composition of the glial gene lists during the various steps of assembly and filtering
The original gene lists from above mentioned sources were combined into three human glial gene lists: an astrocyte list composed of 3 231 genes, an oligodendrocyte list composed of 2 764 genes, and a microglia list containing 699 genes. During the first filtering step, 735 astrocyte genes, 672 oligodendrocyte genes, and 133 microglia genes that overlapped with the neuronal exclusion list were removed. 2 496 Astrocyte genes, 2 092 oligodendrocyte genes and 566 microglia genes were left ( figure 1 ). During the second filtering step, an additional 498 astrocyte genes, 442 oligodendrocyte genes and 277 microglia genes that overlapped between the glial lists were removed, resulting in the final, filtered three glial cell-type lists as reported in figure 1. Supplementary figure 1 summarizes the overlap by a Venn diagram.
Exception criteria for overlapping genes that were not removed
Removal of overlapping genes that are present in multiple cell-type lists assures that our results represent valid insights into genetics of specific glial cell-type associated schizophrenia pathology. However, since these lists are generated on different literature sources, overlap of several genes might also be due to experimental artifact or bias.
Indeed, several well-known highly specific cell-type markers, as astrocytic GFAP and AQP4, and oligodendrocytic CLDN11, MBP and PLP were also found in other cell-type lists, thereby very likely to represent spurious results. In order to prevent accidental loss of such highly specific cell markers, an exception for exclusion was made for overlapping genes reported to be very highly enriched (>5-fold) in specific cell-types by Cahoy et al. (30) and kept in that list. In total, this applied to 105 astrocyte genes and 61 oligodendrocyte genes.
Functional gene set assembly and selection criteria
The main criteria for selection of GO biological processes into functional gene sets included: (i) biological specificity (e.g., very general nodes such as biological regulation or cellular processes were excluded), and (ii) a minimum group size of 20 genes (see also figure 1 ). Additional criteria included: (i) for metabolic processes, only the primary metabolic nodes were selected due to a large overlap between the different metabolic pathways, and (ii) very similar biological processes were grouped together, for example cell cycle and cell division. Exceptions for the minimum group size and/or selection of non-primary metabolic pathways were made for processes thought to be very important for cell-specific functioning based on glia cell-type expertise and/or significant overrepresentation in the cell-type lists. For the oligodendrocyte list, two manually adjusted/created gene sets were added as well. First, the myelination-set was extended with genes known to code for structural myelin membrane proteins, as MAG, MOBP and MOG, which nevertheless were not automatically annotated into the GO biological myelination group. Second, a set for genes with known expression around the node was created. This set was not present within the GO biological processes, nevertheless represents genes that have very important regulatory effects on axonal conduction velocities. Both sets composed of only small numbers of genes, therefore they were also combined in an overarching functional gene set named cell-specific processes. Genes that were not annotated into GO biological processes were grouped together in miscellaneous sets for each glial cell-type list. All three miscellaneous sets were reanalyzed for GO annotations to check if no important groups of annotated genes, fulfilling criteria for gene set assembly, were missed.
Software used for gene list and gene set assembly
Gene symbols and names were converted into human Entrez Gene-IDs using the SOURCE conversion tool (39, 40) . Enrichment analysis of the final, filtered cell-type lists was performed using GO biological processes within WebGestalt (41) . Division of the glial gene lists into functional gene sets based on all GO biological process annotations was performed using the NTNU Genetools NMC annotation database (42) and validated using
WebGestalt. For placement in a functional gene set, genes had to be similarly annotated by both programs. For annotation of the removed and neuronal genes into functional gene sets, we used DAVID software (43) .
Additional information on subjects
Briefly, for PGC1 (5) 
SNP to gene mapping
SNPs were assigned to genes using JAG software (25) , which is based on the NCBI (National Center for Biotechnology Information) human assembly build 37.3 and dbSNP release 135. Gene boundaries were based on the 'seq_gene.md' file downloaded from the FTP website of NCBI. SNPs were assigned to genes when they lie in between the transcription start site and transcription stop site, with no window around the gene.
Supplementary Figures
Supplemental Figure 1 . Venn diagram showing all combinations of overlapping genes between the different glial cell-type and neuron lists. These combinations are exclusive, i.e. not overlapping. Genes more than 5-fold enriched were considered cell-type markers and are not shown in the overlap. Numbers of genes present for each overlapping region are shown in-between brackets. Numbers for overlapping regions, are listed below: 1.
Overlap between astrocyte and oligodendrocyte lists 2.
Overlap between astrocyte and microglia lists 3.
Overlap between astrocyte, oligodendrocyte and microglia lists 4.
Overlap between astrocyte and neuron lists 5.
Overlap between astrocyte, oligodendrocyte and neuron lists 6.
Overlap between astrocyte, microglia and neuron lists 7.
Overlap between astrocyte, oligodendrocyte, microglia and neuron lists 8.
Overlap between oligodendrocyte and microglia lists 9.
Overlap between oligodendrocyte and neuron lists 10.
Overlap between oligodendrocyte, microglia and neuron lists 11.
Overlap between microglia and neuron lists The figure illustrates the amount of overlap between the four different lists, though the overlap between the four ellipses is not always to scale. See for a summary also supplementary table 8, and for the lists of these overlapping genes supplementary table 9.
Supplemental Figure 2. Association of astrocyte and oligodendrocyte functional gene sets with schizophrenia.
Balloons colored light-green indicate gene sets that are significantly associated with schizophrenia (Bonferroni corrected P SC values indicated), and more significantly so than comparable control sets (P COMP <0.05, table 1, supplementary table 2) . Results are pictured within directed acyclic graphs (DAGs), depicting the hierarchy between the different gene sets. Only those DAGs containing significantly associated gene sets are shown. The sets in grey have not been tested, but represent the labels for the overarching processes and depict the range of the analysis. A) Results for astrocyte subsets, show significant associations for signal transduction, tyrosine kinase signaling, GPCR signaling, small GTPase mediated signaling, cell adhesion and gene transcription. Tyrosine kinase signaling, GPCR signaling and small GTPase mediated signaling, are child nodes of signal transduction. Not all genes in the signal transduction group were annotated into more specific signaling subsets, hence the numbers do not add up. B) Results for oligodendrocyte subsets show significant associations for lipid metabolism, oxidation reduction and also gene transcription. The oligodendrocyte and astrocyte gene transcription sets are each composed of unique genes related to either one of the two cell-types. Figure 3 . Astrocyte subsets suggest the involvement of astrocyte synaptic signaling in schizophrenia. Graphs showing astrocyte GPCRs (orphans excluded) and ligands (A) and RTKs and ligands (B), for which involvement in at least one out of three aspects of tripartite signaling processes has been described: (i) intracellular astrocytic responses as calcium elevations or gap junction coupling, (ii) astrocytic regulation of neurotransmitter balances via neurotransmitter transporters or release of gliotransmitters, and/or (iii) astrocytic modulation of synapse strength or synapse morphology. Dark grey indicates that results were reported for the here specifically mentioned gene isoforms, light grey indicates results apply to the general classes or families of receptors. (Example references are provided in the main text. For more elaborate information on data-mining and literature references used for construction of these summary figures, please contact the authors).
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